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Diamond-like carbon sDLCd films were deposited on tungsten sWd tips under the KrF excimer laser
in a laser chemical vapor deposition sLCVDd chamber. Raman spectroscopy showed that the
deposited DLC films were phase-graded along the tips from the apexes. The DLC films were more
diamondlike at or near the tip apexes. From numerical simulation, there is a strongly confined and
enhanced optical field at the tip apexes. The simulation also indicates that there is an optical-field
gradient from tip apexes to tip bodies. Therefore, the variations in the phases of deposited DLC films
were attributed to the corresponding variations in local optical intensities along the tips. Hence,
optical local near field was confirmed to be responsible to the DLC deposition. © 2005 American
Institute of Physics. fDOI: 10.1063/1.1887840g
Recently, optical near-field enhancement has been inten-
sively studied due to its important applications in near-field
optics and near-field nanostructuring. By irradiation of me-
tallic spheres or sharp metal tips with lasers, strongly con-
fined and enhanced fields can be obtained at or near the
metallic spheres and tip apexes. The enhanced near-field be-
comes an energy source with extremely high spatial resolu-
tion and highly enhanced power intensity. Applications ex-
ploiting such advantages include scanning near-field optical
microscope sSNOMd1,2 and nanostructuring by laser-assisted
scanning probe microscopy sSPMd.3 However, use of optical
near-field as the source for chemical vapor deposition sCVDd
has not yet been investigated.
In traditional laser-assisted chemical reactions, such as
laser-assisted deposition, etching and oxidation, lasers are
used as an energy source responsible for photothermal as
well as photolytic reactions. However, the spatial resolution
is limited by the wavelength of the incident laser. Optical-
near-field-induced deposition sONFIDd has potentials for
highly localized deposition of materials on specific struc-
tures, e.g. sharp tip, sharp edges, nanometer-sized particles,
which are capable of generating locally-enhanced optical
fields under proper laser irradiation. Since wavelength and
temporal characteristics of the enhanced optical near field are
the same as those of the incident laser,4 any established laser
chemical reactions can also take place under the optical near
field. One of the potential applications of ONFID technique
is to deposit protective diamond and DLC films on sharp tips
or gears in MEMS or NEMS devices for abrasive applica-
tions. Due to the local field enhancement, relatively low in-
cident laser fluence is required for localized coating at tips
and sharp edges. Therefore, the deposition is in a cold-
ambient process, in which other parts can remain intact.
Our previous study5 demonstrated that tip sharpness di-
rectly affected the morphology and phase of the deposited
DLC film on W tips immersed in a precursor solution at
similar laser process conditions. Near-field effects were sug-
gested to play important roles in the deposition process due
to that the degree of field enhancement varied significantly
for tips with different sharpness. However, direct evidence of
near-field induced deposition was not obtained. In this study,
we conducted laser deposition of DLC on a W tip in a LCVD
system. Raman spectroscopy showed localized and phase-
graded deposition of DLC films on a single tip, which helped
to confirm that optical near-field effects played a dominant
role in DLC deposition on sharp nanotips.
W tips were homemade using dc electrochemical etching
of W wires s0.25 mm in diameterd.6 In this study, laser-
assisted deposition was conducted in a laser chemical vapor
deposition sLCVDd chamber. The experimental setup was
shown in Fig. 1. A W tip was vertically attached to a sample
holder. The chamber was first pumped to a base pressure of
1310−7 Torr and a steady benzene vapor around 3.6 Torr
adElectronic mail: ylu2@unl.edu
FIG. 1. Experiment setup of laser CVD system for DLC deposition on W
tips.
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was reached before laser irradiation. A KrF excimer laser
sLambda Physik Compex 205, wavelength=248 nm, pulse
duration=23 nsd was used to irradiate the tip perpendicu-
larly, with the beam size ranges from 20 to 40 mm2. Before
each deposition, the apex of the tip was prealigned at the
center of the laser beam. Compared with the size of the tip,
we assumed that the laser beam was uniform at and near the
tip apex. Morphological and structural characterizations were
conducted by a Hitachi S-4700 field emission scanning elec-
tron microscope sFESEMd and a micro-Raman spectroscope
excited by an argon ion laser at 514.5 nm, respectively. In
order to examine the possibility of structural variations along
the tip, Raman spectra of various positions along the tip were
examined. The argon ion laser used for micro-Raman spec-
troscope has a focused beam spot of 1 mm. High frequency
structure simulator sHFSS v9.0, Ansoft Inc.d was used to
simulate the optical field around the tip apexes.5
Figure 2 shows the cross-sectional views of the simu-
lated E-field distribution around the tip apex vicinity using
HFSS. The incident wave is along the Y-axis, perpendicular
to the cone axis. The incident E-field is along the Z-axis,
with a magnitude of 1. The geometry of the tip in the simu-
lation is modeled similar to what was used in the experiment,
with a curvature radius of 20 nm. In the YZ and XZ cross-
sectional views, as shown in Figs. 2sad and 2sbd, the E-field
distribution shows an optically-enhanced region surrounding
the tip during the laser irradiation, with a maximum enhance-
ment factor of 3.3 at the apex. The magnitude of the E-field
decreases along the tip from the apex. The inset shown in
Fig. 2sbd was an XY cross-sectional view of the plane at the
tip apex, with a circularly-symmetric distribution of the
E-field. The field was highly enhanced at the apex, and de-
creased radially. The field distribution shown in Fig. 2 indi-
cates that there is a shell of optical field surrounding the tip
apex with a decrease in the intensity from the apex to the tip
body. Since the UV laser decomposition of organic and hy-
drocarbon precursors is mainly photolytic, this shell of opti-
cal field surrounding the tip apex can be used for photolytic
deposition of DLC films surrounding the tip apex. As shown
by Lu et al. that at different laser fluences there are variations
in phases of the deposited DLC films,7,8 an examination of
the phases of the deposited films along the tips will show
qualitative estimation of local optical field intensity and in-
dicate whether the near-field effects are responsible to the
DLC deposition.
SEM micrographs of a W tip before and after laser irra-
diation are shown in Fig. 3sad. During the laser deposition,
the fluence was around 1250 mJ/cm2. As shown in Fig. 3sad,
the curvature radius of W tip before laser irradiation was
around 20.4 nm, aspect ratio stangent of half-cone angled
around 4:1. The tip was first irradiated by one pulse. There
was almost no change in the morphology. sThe correspond-
ing SEM micrograph is not shown here.d In contrast to the
experiment of laser deposition in a benzene solution that a
single pulse of laser can generate substantial DLC coatings,5
LCVD deposition may require more pulses and longer irra-
diation since the density of carbon feedstock is much lower
in a precursor vapor than in a dense liquid solution. The
same tip was then irradiated with 20 pulses at a frequency of
5 Hz. A thin layer of coating was found, extending along the
tip body. The curvature radius of the tip after deposition is
around 25 nm. A DLC film with an average thickness of
24 nm was found covering the first 1 mm section of the tip.
In Fig. 3sad, SEM micrographs also show that the coating
extended to the tip body around 10–15 mm, with an average
thickness around 60 nm.
FIG. 2. sColord Cross-sectional views of the simulated E-field distribution
around the tip apex vicinity. The incident wave is along the y-axis, normal to
the cone axis, with a magnitude of 1; the incident E-field is along the z-axis,
parallel to the cone axis. The geometry of modeled tip is similar to what was
used in the experiment. sad ZY cross-sectional view of a tip with a curvature
radius of 20 nm. The inset is the XY cross-sectional view at the plane at the
tip apex. sbd ZX cross-sectional view of the same setup as sad.
FIG. 3. sad SEM micrographs of a W tip before and after laser irradiation;
sbd an enlarged scope of view of sad. The labeled arrows indicate positions
where micro-Raman spectra were taken for DLC films deposited on the W
tip.
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Raman spectroscopy was used to characterize the struc-
ture of the films along the tip apex. The arrows shown in Fig.
3sbd are the approximate positions where Raman spectra
were obtained. The circular spot at point 3 denotes the argon
laser beam spot during micro-Raman characterizations,
which is 1 mm in diameter. Figure 4 shows the Raman spec-
tra of the DLC films at various positions along the tip. The
spectra were Lorentzian fitted into D- and G-bands. As indi-
cated in Fig. 4, the structure of deposited films is DLC in
nature and shows variations along the tip. D- and G-bands
are dominant at point 1. At points 2 and 3, the two peaks
overlap and merge into a broad peak. For point 4, the Raman
spectroscopy shows only noise signals. In order to examine
the structural properties of the film deposited on the back of
the tip, two points on the back of the tip, with position cor-
responding to points 1 and 2 were examined. Table I shows
all the fitting parameters for spectra of DLC films along the
W tip.
The Raman spectra of the DLC films are analyzed in
terms of G- and D-band positions, and integrated intensity
ratio of the G- and D-bands.10,11 As shown in the table, there
are two important features that can be observed from points
1 sapexd to 4 s11 mm from the apexd. First, D- and G-bands
have a monotonous blue shift. Second, the intensity ratio
IsDd / IsGd increases as the positions being further away from
the apex. It was found that increasing the percentage of four
fold coordination bonds leads to a decrease in both G- and
D-band frequencies instead of a mixture of the Raman peaks
associated with diamond and graphite.9 Richlter10 calculated
the frequency of the G-band using a simple valence force
model weighted by the fraction of sp3 and sp2 bonds. They
found that the frequency shifts in the G-band are caused only
by changes in the force constants and correspond to a certain
sp3-bond fraction. The Raman shift of D-band towards lower
wave number has been attributed to carbon atoms in sp3
sites. Yoshikawa et al.11 have reported that the ratio of the
sp2 to sp3 bonds in amorphous carbon films increase with the
intensity ratio IsDd / IsGd. Therefore the simultaneous blue
shifts in both G- and D-bands together with an increase in
the IsDd / IsGd ratio suggest that the film is more diamondlike
shigher sp3 /sp2d at the apex. Along the tip apex to tip body,
the films gradually become graphitic. The spectrum shows
no DLC features when the position is more than 11 mm
away from the apex. In addition, as shown in Table I, the
quality of DLC on the back of the tip also shows that the
positions of G- and D-bands have a blue shift from points b1
to b2. The IsDd / IsGd are 0.87 and 0.89, respectively. This
indicates that there are substantial sp3 species deposited on
the back of the tip close to the apex. Generally, there will be
no deposition on a bulk substrate if there is no direct laser
irradiation. The phase-graded DLC coated on both sides of
the tip at the apex suggests that there was local field sur-
rounding the tip. This is in agreement with the simulation
results and hence again confirmed that the deposition was
induced by the near-field effects resulted from the interaction
between the laser and the W tip.
In summary, DLC films were deposited on W tips under
KrF excimer laser in a LCVD chamber. Micro-Raman spec-
troscopy showed a phase-graded deposition of DLC along
the tips. The deposited films were more diamondlike at or
near the apex. The variation in the phase of the deposited
DLC films suggests a corresponding variation in the local
optical intensity along the tips. This conclusion is in agree-
ment with the simulation results suggesting that there was an
optical near field gradient from tip apexes to tip bodies.
Hence, local optical-near-field-induced deposition was di-
rectly confirmed.
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TABLE I. Fitting parameters of Raman spectra at different positions along
the tip, corresponding to the arrows shown in Fig. 3scd. Note that points b1
and b2 correspond to the positions on the back of the tip which are 1.5 and





IsDd / IsGdD-band scm−1d G-band scm−1d
1 1.5 1400.7 1586 1.01
2 4 1422.6 1586.1 3.09
3 7 1485.9 1600.7 7.52
4 11 fl fl fl
b1 1.5 1393.9 1596.6 0.87
b2 4 1416.8 1599.1 0.89
FIG. 4. Raman shift of the DLC films at different locations on the W tip
shown in Fig. 3scd.
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